Structures and energies of complexes of dimethyl sulfide (DMS) with hydroxyl (OH) and hydroperoxyl (HO 2 ) radicals have been studied using ab initio and density functional theory. Two isomers of the complex between OH and DMS were found, one dipoledipole complex and one 3e -/2c complex. The binding energies (D 0 ) of these two complexes have been found to be consistent with previous studies. This is the first reported study of the complex between DMS and HO 2 . One structure was found for this complex, and the binding energy (D 0 ) has been determined to be 9.0 kcal mol -1 using the fully optimized MP2/6-311++G(3df,3pd) level of theory. Vibrational and rotational constants are also presented for all of complexes calculated. Thermodynamic parameters and equilibrium constants for the formation of these complexes from the monomers have been calculated. The results have been related to laboratory experiments studying these reactions, and some implications to oxidation of DMS in the atmosphere have been discussed.
Introduction
Dimethyl sulfide (DMS) is the most abundant naturally occurring sulfur species emitted from oceans 1 . The oxidation of DMS is of particular interest since it may result in the formation of aerosols, and eventually cloud condensation nuclei 2 . The effects of aerosols and clouds remain as the largest uncertainty in climate forecasting today 3 .
Nighttime oxidation of DMS is thought to occur primarily by reaction with nitrate radical (NO 3 ) 4, 5 . Daytime oxidation of DMS is thought to occur, in large part, via reaction with hydroxyl radical (OH) [6] [7] [8] . It has also been shown that DMS is oxidized by chlorine atom, and that this is probably important in the atmosphere [9] [10] [11] . DMS oxidation by halogen oxides in the gas phase [12] [13] [14] [15] , and via heterogeneous reactions 16 , for example with aqueous phase ozone (O 3 ) 17, 18 , may also be important. Some model calculations over predict the concentration of DMS in the marine boundary layer (MBL), suggesting that there may be a missing sink 19 . In addition to looking for a new DMS sink, there has been much interest in examining the reactions that are known sinks for DMS, including reaction with OH 20 .
There has been renewed interest in the computational study of the reaction of DMS with hydroxyl radical, and specifically on the intermediate complex formed
between these two species [21] [22] [23] [24] [25] . González-Garcia et al. 21 have proposed a mechanism with three reaction pathways. Two of the pathways in the proposed mechanism involve the DMS-HO isomer as an intermediate. In one of those pathways, it is proposed that this complex isomerizes to form the DMS-OH complex, which can then further react via an elimination channel. The authors calculate a very small isomerization barrier for the transition state from DMS-HO to DMS-OH, on the order of 1.5 kcal mol -1 on the classical potential energy surface. El-Nahas et al. 22 have also recently proposed a mechanism for this reaction. Their mechanism has two pathways, one that involves the DMS-HO complex. These authors also calculated the DMS-OH complex, but do not propose that it is an intermediate in the reaction between dimethyl sulfide and hydroxyl radical. Both mechanisms are used to reproduce the experimentally observed branching ratio of the products of the different reaction pathways. El-Nahas et al. 22 also calculate the rate constant for the DMS + OH reaction to within an order of magnitude of the experimentally determined value.
Studies of the reaction between hydroperoxyl radical (HO 2 ) and DMS have placed an upper limit 26 
Computational Methods
The optimized geometries, energies, and vibrational frequencies were calculated using the GAUSSIAN 03 27 suite of programs. Structures of the complexes and monomers were optimized using both ab initio and density functional (DFT) methods.
Ab initio optimizations used unrestricted second-order Møller-Plessett 28-30 perturbation theory (UMP2), while DFT optimizations used the Becke three-parameter 31 formulation with the Lee-Yang-Parr correlation (B3LYP) 32 density functional method. Optimizations were attempted using the following basis sets for both ab initio and DFT methods: [21] [22] [23] [24] [25] . One of the complexes is formed by a dipole-dipole interaction between DMS and OH, and is referred to as DMS-HO in this work. This was thought to be the only structure of this complex until another structure, lower energy than the previous, was later found. This latter complex is formed by what is described as a three electron/two center (3e -/2c) 34 interaction, and is referred to as DMS-OH in this work. Local minima were found for both isomers using the DFT methods for geometry optimizations. However, using UMP2 methods with smaller basis sets results in only the dipole-dipole complex, the DMS-HO isomer, being located. In this isomer, the dipole-dipole interaction is between the sulfur atom in DMS and the hydrogen atom in hydroxyl radical. Using the UMP2 method with larger basis sets, only one minimum was found, and this was 3e -/2c isomer, DMS-OH, in which the sulfur atom in DMS is bound to the oxygen atom in hydroxyl radical. This is consistent with what has previously been reported and superbly described [21] [22] [23] [24] [25] in studying the complex between dimethyl sulfide and hydroxyl radical.
Frequency calculations were performed for all structures at the B3LYP/6-311++(3df,3pd) level of theory, with a description for each fundamental vibration. Zero-point energies calculated using these frequencies was used to calculate all of the binding energies (D 0 ), regardless of the method used to compute the geometry or energy. Zero-point energies calculated in this way can be assumed to be an upper limit due to the anharmonic nature of the potential energy surface of these complexes.
Rotational constants have also been calculated and reported for each geometry optimization.
Results and Discussion

DMS-HO and DMS-OH
Two isomers for the complex between dimethyl sulfide and hydroxyl radical have been calculated, and are shown in Figures 1a and 1b . The structures are consistent with those found in previous studies [21] [22] [23] [24] [25] . In the two most recent theoretical studies of the reaction mechanism of dimethyl sulfide with hydroxyl radical, the DMS-HO complex is involved in the major pathways proposed 21, 22 . The DMS-OH complex, while being thermodynamically favored over DMS-HO, is not involved at all in one mechanism 22 , and is in a much slower pathway in the second 22 .
In one of the structures calculated here, DMS-HO, the primary intermolecular interaction is a dipole-dipole interaction between the hydrogen atom in hydroxyl radical and the sulfur atom in dimethyl sulfide. The optimized geometries of the complexes are listed in Table 1 level. Consistent with other work on dipole-dipole complexes 35 , and on the DMS-HO complex in particular [21] [22] [23] [24] [25] , the DFT method predicts a slightly stronger interaction than the MP2 method. This is perhaps best displayed by examining the change in the O-H bond length of the hydroxyl radical in the complex as opposed to the isolated monomer.
The optimized geometries of the monomers are listed in Table 2 . At the B3LYP/6-311++G(3df,3pd) level, the O-H distance in the hydroxyl radical in the isolated monomer is 0.974 Å. In the DMS-HO complex, this bond is elongated by 1.2%, to 0.986 Å, at the same level of theory. At the MP2/6-311G(d) level, the bond elongation is only about 0.6%, from 0.967 Å to 0.973 Å.
The other isomer between dimethyl sulfide and hydroxyl radical, the DMS-OH isomer, has been described as a 3e -/2c complex. In that structure, the hydroxyl radical is again almost perpendicular to the plane formed by the C-S-C skeleton of the dimethyl sulfide. However, in DMS-OH, the oxygen atom in OH is more closely oriented towards the sulfur atom in DMS, with the hydrogen atom pointing away from the methyl groups of DMS, but at a parallel angle instead of perpendicularly as in DMS-HO. This structure is shown in Figure 1b . Recent work has shown the inadequacy of the B3LYP method for quantitative description of 3e -/2c interactions 21 , so only the MP2 results will be discussed here. Table 1 affected still is the skeletal C-S-C angle in DMS, which is calculated to be 98.4º in the isolated DMS, but increases to 100.0º in the DMS-OH complex; an increase of 1.6%.
Rotational constants for the monomers and complexes are listed in Table 3 reported directly observing the DMS-OH structure via ultraviolet spectroscopy.
Unscaled harmonic vibrational frequencies for the complexes and isolated monomers are listed in Table 4 , calculated at the B3lYP/6-311++G(3df,3pd) level of theory. For the DMS-HO complex, the O-H stretch on the hydroxyl radical is predicted to be red-shifted by 235 cm -1 with respect to the isolated monomer OH. The band intensity of this mode is also predicted to increase by a factor of over 30. This is due to the increased effect of the change in dipole this mode has on the complex relative to the isolated OH. Consistent with the structural changes described above, the intramolecular modes of the dimethyl sulfide are relatively unchanged between the DMS-HO complex and the isolated monomer. There are five new intermolecular fundamental modes for each of the complexes between DMS and OH. For the DMS-HO isomer, the predicted modes at 508 cm -1 and 316 cm -1 have moderately intense band strengths that may be suitable for detection in matrix isolation experiments. For the DMS-OH complex, the hydroxyl radical O-H stretch has a predicted blue-shift of 85 cm -1 . The band strength of this mode is predicted to have a larger intensity in the complex than in the monomer by a factor of about 2.5. This is consistent with the shortening of the bond predicted in the geometry optimization. The predicted intensity of this mode is predicted to be a relatively weak infrared absorber, however. Note that both the B3LYP and MP2
geometry optimizations predict similar changes in structure between the monomers and complex for this mode. The intramolecular modes for DMS in this complex are also relatively similar to those of the isolated monomer. There is a noteworthy intermolecular mode predicted at 683 cm -1 , with a moderate infrared band strength of 41.0 km mol -1 .
Another intermolecular mode of DMS-OH is predicted at 219 cm -1 . It should be noted once more that, these are uncorrected for anharmonicity, which is probably the largest source of error for the intermolecular modes listed. Shifts with respect to the monomers, however, should be less affected by this. There have been no reported experimental gas phase or matrix isolation studies of the vibrational modes of the DMS-OH or DMS-HO isomers of the complex.
The classical well depth (De) and binding energies (D 0 ) for the two isomers of the complex between DMS and OH are listed in Table 5 . Binding energies are calculated at 0 K using the uncorrected harmonic vibrational frequencies listed previously to determine the zero-point energy (ZPE). In addition to the energies reported from the optimized structures using both the DFT (B3LYP) and ab initio (MP2) methods, the spin projected MP2 (PMP2) energies are also reported because other authors have found these to reproduce experimental results for this system. For the DMS-HO isomer, the well depth relative to DMS and OH was found to be 4.9 kcal mol -1 at the B3LYP/6-311++G(3df,3pd) level of theory. This gives a binding energy (D 0 ) of 3.5 kcal mol -1 when the ZPE is included. This is within 0.2 kcal mol -1 of the best value reported by El-Nahas et al. 22 The ab initio calculations determine a well depth of 5.4 kcal mol -1 at the UMP2/6-311G(d) level of theory, which is still consistent with the calculations of Gonzalez-Garcia et al.
21
. The PMP2 energies do not differ from the MP2 energies for this isomer. As might be expected, the DFT calculations using the same basis set (B3LYP/6-311G(d)) give a slightly D e , 5.7 kcal mol -1 .
The energies for the DMS-OH isomer are much more dependent on the method Hynes et al. 8 .
Using the thermodynamic values calculated here, the equilibrium constant (K c )
for the formation of the DMS-OH complex has been calculated over a range of temperatures, including those at which this complex has been directly observed experimentally. These are reported in Table 6 . The calculated equilibrium constant is very sensitive to temperature and binding energy. K c was calculated for temperatures ranging from 215 K to 298 K. It was also calculated using the energies obtained from three methods: B3LYP, MP2, and PMP2, all using the 6-311++G(3df,3pd) basis set. The experimentally determined equilibrium constant was obtained from two different studies 7, 8 at temperatures ranging from 217 K to 261 K. It was determined using the kinetics of the forward and reverse reactions in both of these studies. For the purposes of this comparison, using the PMP2 energies resulted in replicating the experimental values best. The equilibrium constant calculated using the B3LYP energies were about an order of magnitude larger than experimentally determined K c , overestimating even more at the lower temperatures. When K c was calculated using the UMP2 method, the results were much lower than the experiments. The PMP2 energies reproduced experimental results relatively well, coming within a factor of three of the higher temperature experiments performed by Hynes et al. 8 , but still coming within a factor of 5, at all but the lowest temperatures when compared to the experiments of Barone et al. 7 .
DMS-HO 2
One isomer of a complex between dimethyl sulfide and hydroperoxyl radical has been found in this study ( Figure 2 ). In that structure, the primary interaction is a dipoledipole attraction between the hydrogen atom in HO 2 and the sulfur atom in DMS. The H-O-O plane is perpendicular to the C-S-C plane of DMS. The structure, shown in Figure 2 , is a true minimum, with no imaginary frequencies calculated. There was no complex analogous to the DMS-OH complex found.
The DMS-HO 2 geometry was optimized using both the MP2 and DFT method. A similar structure was obtained between these two methods when the same basis set was used. The optimized geometry for this complex is reported in Table 1 from the calculations using the largest basis set, 6-311++G(3df,3pd). There is generally good agreement between the structures calculated using the different methods. The intermolecular bond distance, R, between the hydrogen atom in HO 2 and the sulfur atom in DMS, is calculated to be 2.200 Å at the B3LYP/6-311++G(3df,3pd) level of theory, and 2.152 Å at the MP2/6-311++G(3df,3pd) level. This is about 2% shorter than the DMS-HO complex, which also is a dipole-dipole interaction, calculated at the same DFT level of theory. As in the complex with hydroxyl radical, the intermolecular angle formed between the sulfur atom in DMS and the hydrogen and oxygen atoms in HO 2 , labeled O-H-S in Table 1 , is nearly linear. This angle is calculated to be 162.5º and 166.2º using the MP2 and B3LYP methods, respectively.
Intramolecular coordinates can be compared to those in the isolated monomers, listed in Table 2 . The H-O bond distance in HO 2 is slightly elongated as a result of being in a complex, by about 0.5% at both levels of theory. Also, the H-O-O bond angle is only slightly sharper, by about 0.2% at both levels of theory. As in the DMS-HO complex, the intramolecular DMS coordinates do not seem to be significantly affected as a result of complex formation in DMS-HO 2 .
Rotational constants for the DMS-HO 2 complex are listed in Table 3 . The rotational constants are 4859 MHz, 1848 MHz, and 1688 MHz, labeled A, B, and C for the B3LYP/6-311++G(3df,3pd) structure. Like the DMS-HO complex, the DMS-HO 2 complex is a near-oblate rotor with A > B ≈ C.
Vibrational frequencies for the DMS-HO 2 complex and the isolated monomers are listed in Table 4 , calculated using the B3LYP/6-311++G(3df,3pd) level of theory. are also predicted to be the strongest absorbers. There is a moderately strongly absorbing band predicted at 632 cm -1 , and another moderately weak absorbing band predicted at 212 cm -1 . The remaining four fundamental intermolecular modes are predicted to be in the far-infrared region and also to be weak or very weak absorbing modes.
The relative energies for the DMS-HO 2 complex are listed in Table 5 From these thermodynamic parameters, K c for the formation of the DMS-HO 2 complex was calculated for the temperature range 215 K -298 K, and is listed in Table 7 .
There is no experimental data to compare for this complex. Frequencies are reported in cm -1 and intensities in km mol -1 . All frequencies reported are calculated at the B3LYP/6-311++G(3df,3pd) level. 1 Calculated using the B3LYP/6-311++G(3df,3pd) energy 2 Calculated using the PMP2/6-311++G(3df,3pd) energy 3 Calculated using the MP2/6-311++G(3df,3pd) energy a Taken from Hynes et al. b Taken from Barone et al. 
